Solar models suggest that four billion years ago the young Sun was ∼ 25% fainter than it is today, rendering Earth's oceans frozen and lifeless. However, there is ample geophysical evidence that Earth had a liquid ocean teeming with life 4 Gyr ago. Since L ⊙ ∝ G 7 M 5 ⊙ , the Sun's luminosity L ⊙ is exceedingly sensitive to small changes in the gravitational constant G. We show that a percent-level increase in G in the past would have prevented Earth's oceans from freezing, resolving the faint young Sun paradox. Such small changes in G are consistent with observational bounds on ∆G/G. Since L SNIa ∝ G −3/2 , an increase in G leads to fainter supernovae, creating tension between standard candle and standard ruler probes of dark energy. Precisely such a tension has recently been reported by the Planck team.
The Faint Young Sun Paradox
Between 4.5 and 3.9 billion years ago was an exciting time in the history of our planet. This period witnessed the assembly of the Earth from planetesimals, the creation of the moon, the formation of Earth's primeval oceans, etc. This was also when the Sun became a main-sequence star.
The early Earth, however, faced a severe problem-that of the faint young Sun.
1, 2 Numerical models of the Sun's interior suggest that solar luminosity about 4 Gyr ago (the Archean epoch), was only about 75% of its present value. This would have affected our oceans dramatically, reducing their temperature to 268
• K and ensuring that they were completely frozen during much of the Archean. 3 However, geophysical and climatological data do not support this view. On the contrary, all evidence points to a temperate climate on Earth with liquid oceans teeming with primordial life forms ∼ 4 Gyr ago. Thus, the presence of metamorphosed sedimentary rocks (from the Archean) shows strong evidence of erosion by liquid water. More evidence comes from fossils of early life forms which depended upon water to survive. O ratio in the water in which these rocks precipitated. Both the chert and CaCO 3 data imply that the Earth's temperature has remained roughly unchanged over the past 4 Gyr, which challenges the faint young Sun hypothesis; 4, 5 see Fig. 1 .
A Greenhouse Effect on Early Earth ?
While several arguments have been advanced to resolve the Faint Young Sun Paradox , none is problem-free. For instance, one might try to compensate for the diminished sunlight by assuming that Earth's early atmosphere had a far greater concentration of greenhouse gases, such as CO 2 , than at present. However this hypothesis runs into difficulties. In order to maintain the Earth's temperature above the freezing point of water during the early Archean, the abundance of CO 2 in Earth's primeval atmosphere should have been a thousand times its present value. One must, therefore, account for the enormous decline in the CO 2 concentration: from roughly 10 atmospheres 4 Gyr ago, to 3 × 10 −3 atmospheres at present.
While CO 2 can be removed from the atmosphere by bacteria and plants during photosynthesis and also by the weathering of rock, the enormous concentrations referred to earlier seem difficult to account for. Indeed, large amounts of CO 2 in the early atmosphere would have led to the formation of the iron carbonate based compound siderite (FeCO 3 ). However, analysis of billion year old paleosols challenges this picture by finding no FeCO 3 . Found instead are iron silicates which support a much more moderate presence of CO 2 in the early atmosphere. Moreover, it would be difficult to make CO 2 disappear almost entirely from the Earth's atmosphere since much of it, after reacting with rocks and being used by shell-forming organisms to form CaCO 3 shells, gets deposited on the ocean floor and makes its way back into the atmosphere via volcanic activity and plate tectonics. 1, 6, 7 The presence of other greenhouse gases is equally problematic. 
A Varying Gravitational Constant
The seeming contradiction between a faint young Sun on the one hand, and support for a temperate climate on early Earth (and Mars) on the other, can easily be reconciled if one notes that the Sun's luminosity is exceedingly sensitive to the value of the gravitational constant. Indeed, as first pointed out by Teller, 10, 11 the luminosity of the Sun, L ⊙ , depends upon its mass, M ⊙ , and Newton's gravitational constant, G, as
Increasing the value of G, one increases the solar luminosity. Moreover, a larger value of G affects the Earth's orbit by bringing it closer to the Sun. The (conserved) specific angular momentum on a circular orbit of radius r with velocity v is vr. Since v 2 r 2 = GM ⊙ r, it follows that the radius of the Earth's (almost circular) orbit r ∝ 1/GM ⊙ . Since flux varies with distance as F ⊙ ∝ r −2 , the amount of sunlight received on Earth becomes
which translates into T ∝ F 
Substituting ∆F ⊙ /F ⊙ = 0.25, one finds that a modest increase of 2% in the value of the gravitational 'constant' over a lookback time of 4 Gyr would largely compensate for the diminished sunlight on Earth. This scenario, then, would allow for Earth's temperature to remain roughly constant upto the present, in agreement with current data and without invoking the need for injecting enormous amounts of greenhouse gases into Earth's early atmosphere, for which no compelling evidence exists.
8
Our estimate of ∆G/G ≃ 0.02 at a lookback time of ∼ 4 Gyr is in excellent agreement with the current observational constraints on varying G, including the results of Wu and Chen, 14 who obtain −0.083 < ∆G/G < 0.095 at Recombination, and those of Accetta et al., 15 who obtain −0.3 < ∆G/G < 0.4 at Nucleosynthesis. Since the above estimate of ∆G/G is model independent , one cannot directly relate it to the current value ofĠ/G. Nevertheless, if one assumes, for simplicity, G ∝ t −β , then one findsĠ/G t0 ≃ −4 × 10 −12 yr −1 , which is in good agreement with binary pulsar data, 16 millisecond pulsar data, 17 ages of globular clusters 18 and lunar ranging experiments. 
Theories with Varying G
The idea that G may be a function of time was first suggested by Dirac who postulated G ∝ t −1 as part of his Large Numbers Hypothesis. 20 Although such a large variation in G was shown to be inconsistent with observations, Dirac's hypothesis was adopted into a field-theoretic framework in which Newton's constant acquired the status of a dynamical field .
21, 22
The action for the gravity sector of such a scalar-tensor theory is
where G * is the bare gravitational constant. Comparing this with the EinsteinHilbert action for general relativity,
one finds that the role of the gravitational constant is played by G = G * /F (ϕ), where the scalar ϕ satisfies the equation of motion
One therefore needs to solve (5) in order to determine the time-dependence of G [φ(t)]. This has indeed been done for specific choices of U and F , including F = ξϕ 2 (induced gravity) and F = 1 + ξϕ 2 (non-minimal coupling). 12 Interestingly, for a suitable choice of U , such a model can describe dark energy (DE) by making the universe accelerate at late times.
23-26
A varying gravitational constant also arises in higher-dimensional Kaluza-Klein theories. For instance, the 5D Einstein-Hilbert action (described by the 5D metric g AB )
when compactified onto 4D via the decomposition
results in the 4D action
Comparing (6) with (4), one finds that G ∝ φ −1 , which generalizes to
One should note that scalars such as φ are ubiquitous in string theory, where they occur in the form of a dilaton whose vacuum expectation value determines the coupling constants of string theory. 27 In such theories, which include SO(32) and E 8 × E 8 heterotic theories, one usually expects the 4D coupling constants, including G, to vary with time.
Conclusions
The faint young Sun hypothesis implies that during much of prehistory-from 4 Gyr to 1 Gyr ago-both Earth and Mars would have been frozen. While the presence of water on early Earth is well documented, the presence of outflow channels and phyllosillicates, discovered by the Mars Reconnaissance Orbiter and by the Mars Exploration Rovers, also point to abundant liquid water on early Mars. 1, 28 Consequently, the faint young Sun presents a paradox for both Earth and Mars.
1, 3
We have shown that tiny changes in G can resolve the faint young Sun paradox by increasing the Sun's luminosity and bringing the Earth closer to the Sun 4 Gyr ago.
A variable gravitational constant has other important consequences. The peak luminosity of type Ia supernovae (SNIa) is proportional to the Chandrasekhar mass M Ch , which depends upon Newton's constant. Consequently, L ∝ M Ch ∝ G −3/2 , and a larger value of G in the past would result in SNIa being fainter than predicted by the standard candle hypothesis. 29, 30 A varying G would therefore imply a new source of systematics in SNIa data. This would show up as tension between data sets probing DE using standard rulers (BAO + CMB) on the one hand, and standard candles (SNIa) on the other, with the latter predicting a more phantom-like equation of state for DE. Precisely such a tension has recently been reported by the Planck team.
31
Models with variable G may also resolve the cosmological constant problem.
32
Self-tuning mechanisms can dynamically reduce the vacuum energy to a small value. In doing so, they invariably turn the gravitational constant into a variable quantity. [33] [34] [35] Thus, the faint young Sun paradox, the cosmological constant problem and dark energy may all be pieces of the same puzzle requiring a common theoretical platform for their resolution.
